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Abstract

A critical challenge for the bioenergy research community has been
producing drop-in hydrocarbon fuels and chemicals at yields sufficient to
compete with their petroleum-derived counterparts. Biological production of
highly reduced compounds poses fundamental challenges. Conversely,
glucose, xylose, and sucrose can be fermented to ethanol at near-theoretical
yields. Just as olefin crackers are often considered a gateway for
petrochemical complexes that produce an array of downstream products,
catalytic ethanol upgrading can potentially enable an entire biorefining
complex able to produce renewable, low-carbon fuels and chemicals. By
doping the Ta,0s/SiO, catalyst with different transition metals, we show that
Ostromyslensky catalysts can be utilized for direct conversion of ethanol to
varying ratios of 1,3-BD, dietheylether (DEE), and ethylene. These results are
integrated into the first comprehensive analysis of ethanol conversion to 1,3-
BD, DEE, and ethylene that incorporates empirical data with chemical
process modeling and life-cycle GHG assessment. We find that the suite of
products can replace conventional rubber, plastics, and diesel, achieving as
much as a 150% reduction in GHG-intensity relative to fossil pathways (net
carbon sequestration). Selecting the route with greatest ethylene and DEE
output can maximize total potential emission reductions.

Introduction

Over time, petrochemical refineries have optimized their processes to
convert each barrel of crude oil to a slate of products to maximize their
profitability. Recent fluctuations notwithstanding, the rise in crude oil prices
over the last five decades, paired with policies aimed at reducing reliance on
fossil energy, has made renewable fuels and chemicals an attractive
proposition. Ethanol produced from sugarcane and starch, as well as some of
the renewably-sourced chemicals such as diols and diacids, have approached
cost parity with their fossil-derived counterparts.’ Bio-based ethanol has
been used as a fuel for internal combustion engines as early as the 1800’s,
and re-emerged on the market as a useful oxygenate and octane booster for
spark-ignited engines in the 1990’s.> Depending on the feedstock, ethanol
can also dramatically reduce transportation-related greenhouse gas (GHG)
emissions, but its market penetration is limited in part by the blend wall.®
Although recent studies have explored the possibility of biologically
producing molecules that better mimic the properties of conventional
hydrocarbons, yields must be improved before these pathways can be
commercialized.”®



64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

89
90

91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

In the competitive petrochemicals market, high yields are essential, and
ethanol offers an attractive starting point, since fermentation yields from
sugars such as glucose, xylose, and sucrose are close to theoretical limits.®
Just as olefin crackers are often considered a gateway for petrochemical
complexes that produce an array of downstream products, catalytic ethanol
upgrading has the potential to enable an entire biorefining complex able to
produce renewable, low-carbon fuels and chemicals.?® In this paper, we
investigate this possibility by studying the conversion of ethanol to 1,3-
butadiene (1,3-BD), ethylene, and diethyl ether (DEE). Products such as 1,3-
BD and ethylene play an important role in the polymers market while DEE is
a useful solvent and can serve as a diesel substitute.!!

Recently, there has been renewed interest in the Lebedev process, which
involves an one-step conversion of ethanol into 1,3-BD.!?'* This process
utilizes MgO/SiO.-based catalysts and has been shown to give single-pass
yields of ~70%, but considerably lower yields at industrially-relevant ethanol
partial pressures.’>!%1® Another process of interest was developed by Ivan
Ostromyslensky, which involves two distinct steps, i.e. dehydrogenation of
ethanol into acetaldehyde over a dehydrogenation catalyst and subsequent
conversion of mixtures of acetaldehyde and ethanol into 1,3-BD over
Ta,0s/Si0; catalysts.?®?! Since the dehydrogenation step is endothermic and
equilibrium-limited at lower temperatures (Figure S1), an oxidative
dehydrogenation is often preferred. Such a process oxidizes hydrogen, which
is otherwise a valuable byproduct of the process. Because of this, coupling
the dehydrogenation step with C-C bond formation step is very
advantageous, as it removes the equilibrium limitation (Figure S1).

To understand the potential for direct conversion of ethanol to 1,3-BD, DEE,
and ethylene mixtures using Ostromyslensky’s pathway and evaluate the
industrial relevance and value of these mixtures, we combine an
experimental investigation with chemical process modeling and life-cycle
GHG assessment. We hypothesize that, by doping the Ostromyslensky
Ta,0s/SiO, catalysts with suitable transition metals, we can achieve direct
conversion of ethanol to 1,3-BD, DEE, and ethylene (with a range of product
ratios) over a single catalyst. To understand how these products compare on
a GHG basis, we then conduct the first comprehensive GHG assessment of
ethanol conversion to these bioproducts by linking chemical process
modeling and life-cycle assessment (LCA). This approach allows us to explore
the yield variations, impacts of downstream processing/separations on the
mass and energy balance, and potential impact on net GHG emissions for
the catalytic conversion of ethanol to varying mixtures of 1,3-BD, ethylene,
and DEE for the production of rubber, plastics, and diesel blendstock,
respectively.

Methodology
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Selecting Transition Metal Catalysts

Several mechanistic investigations have demonstrated that the ethanol to
1,3-BD reaction proceeds via 5 key steps, shown in scheme 1: a)
dehydrogenation of ethanol to acetaldehyde, b) aldol condensation of
acetaldehyde to 3-hydroxybutanal, c) dehydration of 3-hydroxybutanal to
crotonaldehyde, d.) reduction of crotonaldehyde to crotyl alcohol with
ethanol and e.) dehydration of crotyl alcohol to 1,3-BD.>?%%4

Scheme 1: Reaction Pathway for the Production of 1,3-BD from Ethanol.

While the aldol condensation step takes place over basic or acid sites,
dehydrogenation may occurs predominately over redox site.?> Acid sites are
also required for the dehydration steps. A good E2B catalyst therefore needs
to have a combination of active acidic, basic and redox sites and their
number, strength, and proximity are all important considerations.?> MgQ/SiO;
has long been the chosen catalyst for the reaction and some of our recent
studies® and research from Weckhuysen, Bruijnincx?®, and Jones?”?8, have
shown that when doped with suitable metals such as Cu, Ag, or Au, it is
possible to tune the selectivity for 1,3-BD. Taking inspiration from these
studies we sought to study the Ta,0s/SiO, catalysts traditionally used in
Ostromyslensky two-step process. We developed several new catalysts by
doping different transition metals and metal oxides on the Ta,0s/SiO;
catalysts and chose to study the variations in products obtained from the
reaction under industrially relevant reaction conditions.?® Given the value of
side products previously considered undesirable, we also chose to test a
range of doped Ta,0s/SiO, catalysts capable of producing a variety of product
distributions including 1,3-BD, ethylene, and DEE.?*

Jones and colleagues have shown that dehydration of ethanol to ethylene is
favored on SiO; at 375 °C. At 300 °C, we find that acetaldehyde is the major
product though the conversion was quite low (Table 1, Entry 2). Crystalline B-
Ta.0s favors the formation of acetaldehyde as well as DEE (Table 1, Entry 3).
Doping 20% Ta on silica results in a catalyst that is active but such a catalyst
rich in acid sites primarily produces the products of dehydration, i.e.
ethylene and diethyl ether (Table 1, Entry 4). In order to increase selectivity
to acetaldehyde, we need to introduce a dehydrogenation active site. While
Pd increased the dehydrogenation rate, the decarbonylation of the resulting
acetaldehyde was also rapid, resulting in high methane selectivity (Table 1,
Entry 5). Modest improvements were achieved by addition of Ni, Au'?® and Pd/
Cu alloys®*® (Table 1, Entries 6-7). Ag*' (Table 1, Entry 8) and Cu?® (Table 1,
Entry 9), consistent with literature findings, significantly improved the
butadiene yields. However, the highest butadiene yield was achieved by the



151 addition of Zn3*33 to the Ta,0s/SiO; (Table 1, Entry 11). With ZnO with either
152 SiO, or Ta,;0s gave mainly acetaldehyde as products. Supported** and
153 unsupported® Zn oxides have been reported to catalyze alcohol
154 dehydrogenation reactions by means of the lattice oxygen atoms or defects
155 and vacancies in the structure and our results are consistent with this
156 observation.
157
158 Table 1: Metal Dopant Effects on Ethanol Conversion and Product Distribution (WHSV* 0.4
159 h?, 573 K, TOS** = 180 min)
Entry | Catalyst Ethanol Selectivities (C mol%)?
Conversion MBytadiene | Acetaldehyde | Ethylene | Diethyl Others®
(%) Ether
1 - 1.9 - 100 - -
2 SiO; 4 - 97.4 2.6 -
3 Ta;0s 2.4 - 79.4 - 205
4 20%Ta,0s/Si0; 28.6 1.5 3.4 32.8 62.2 -
5 2%Pd@20%Ta,05/Si0; 49.4 - 4.3 - - =<
6 2%Ni@20%Ta,0s/Si0O, 22.0 17.0 27.7 11.4 31.4 12.5
7 2%Au@20%Ta,0s/Si0O- 38.3 6.6 6.9 28.5 54.3 3.7
8 2%Ag@20%Ta,05/Si0O- 39.1 44.0 16.1 19.2 16.9 3.8
9 2%Cu@20%Ta,0s/Si0, 31.8 45.4 22.0 5.5 4.6 22.5
10 2%Pd/Cu@20%Ta,0s/Si0O, 32.1 12.3 20.6 16.1 26.7 24.3
11¢ 2%Zn@20%Ta,05/Si0O, 34.7 60.2 18.4 7.2 7.6 6.6
12° | 2%Zn@20%Ta,0s/Si0; 39.5 50.9 9.0 26.9 2.6 10.6
13¢ 2%Zn@Si0, 13.3 6.5 81.4 1.9 1.3 8.9
144 2%Zn@Taz0s 12.0 - 87.5 3.8 - 8.7
160
161 a. Conversion and selectivities are based on the carbon number, b.
162 other chemical contains butenes, crotonaldehyde, 1-butanol, propane
163 and methane, c. methane 87.9%, ethane 4.6%. d. ZnO were used as
164 Zn source. e. reaction performed at 648 K. * WHSV = Weight Hourly
165 Space Velocity (Mass Flow/Catalyst Mass)** TOS = Time on Stream
166
167
168 Selecting Products of Interest
169
170 The results shown in Table 1 indicate that different dopants facilitate
171 production of varying fractions of five products: 1,3-BD, acetaldehyde,
172 butenes, ethylene, and DEE (although only 2% Cu@20%Ta,05/SiO, resulted
173 in selectivity for butenes greater than a few percent). Of those potential
174 products, ethylene has by far the largest market, at approximately 140
175 million tonnes per year,'° sixty percent of which goes towards satisfying
176 global polyethylene demand. Ethylene is also used for the production of
177 ethylene glycol which finds applications in polyester fibers, polyethylene
178 terephthalate (PET) resins, antifreeze, ethyoxylates, glycol ethers, and
179 ethanolamines®®. Relative to ethylene, 1,3-BD, DEE, and acetaldehyde have
180 much smaller markets at about 14, 12, and 4 million tonnes/year
181 respectively. More than half of 1,3-BD is used in the production of car tires as
182 styrene-butadiene rubber (SBR) and polybutadiene.?” Other polymers made
183 from 1,3-BD include acrylonitrile-butadiene-styrene (ABS), styrene-butadiene
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latex, and chloroprene rubber, several of which are also used in the
automotive industry.*®3° DEE is also used in the automotive sector as engine
starting fluid,*® but if produced in sufficient volumes, its high cetane number
(>125) could make DEE an attractive blendstock for conventional diesel,
biodiesel, or renewable diesel fuel.}*!

From the supply perspective, DEE and 1,3-BD production are closely tied to
ethylene production, with almost 95% of current 1,3-BD produced as a
byproduct from ethylene crackers. Ethylene can also undergo vapor-phase
hydration to produce ethanol, which is in turn the primary feedstock for DEE
production. 1,3-BD prices closely tracked ethylene prices for decades, but in
2011-2012, 1,3-BD prices spiked far above those of ethylene, from less than
$1000 USD/tonne to nearly $5000/tonne at its peak.*? In response to this
price spike, at least 13 energy-intensive on-purpose butadiene facilities were
planned or constructed in 2012 to produce butadiene from n-butane or n-
butene, shortly before the price collapsed in 2013.%* A process for converting
ethanol to 1,3-BD would serve as a viable renewable alternative to the Oxo-
D™ or Houndry Catadiene process in the event of another more sustained
price spike. Co-producing ethylene and DEE can help meet enormous
demand for polymers and diesel fuel, respectively. In fact, a high-level
screening of potential ethanol-based products on the basis of economic
constraints, environmental impacts, and health and safety risks indicated
that 1,3-BD and DEE were the two most favorable products of the ten options
evaluated.* Moreover, an approach that allows for varying product ratios
through different catalysts or reaction conditions could offer flexibility in
responding to the shifting balance between demand and supply for platform
chemicals. For these reasons, we chose to focus on 1,3-BD, DEE, and
ethylene as our products of interest.

Developing Biorefinery Configurations

Based on the selectivity for 1,3-BD, DEE, and ethylene, we chose four
representative sets of results and modeled the corresponding biorefinery
configurations starting with ethanol as a feedstock to produce 1,3-BD,
ethylene, and/or DEE at purities required to meet industry specifications
(Table 2 references the original tables in the main text and Sl where each set
of empirical results were reported). We simulated and analyzed the mass
and energy flows for each 400,000 ton/year biorefinery in Aspen Plus.
Because we are only modeling these biorefinery configurations to determine
mass and energy balances, the assumed scale impacts our results less than
would be the case in a cost-focused study. A commercial facility may
ultimately have a smaller capacity (100,000-200,000 tons ethanol
intake/year). For example, a 100,000 ton/year plant would require a catalyst
volume of approximately 50 m3, which could be accommodated in 3 shell-
and-tube reactors. Further optimization of the catalyst in scale-up studies
could be achieved to reduce the reactor size required.
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Our model is based on an intake of anhydrous ethanol, but it is worth noting
that the presence of water does not deactivate the catalyst and it may be
advantageous to accept hydrous ethanol in some cases. A molecular sieve
system alone can require on the order of 0.1-1% of the energy content of
ethanol output to dehydrate the ethanol product beyond the 95.63%
ethanol / 4.37% water azeotrope to reach motor fuel standards. Avoiding this
step could save energy and capital costs at ethanol production facilities. We
do not assume these biorefineries are co-located with cellulosic or corn
ethanol production facilities, so energy needs not satisfied by the
combustion of minor products onsite must be met by electricity imported
from the grid and imported natural gas for thermal energy. We do assume
that the biorefineries are located in close proximity to facilities able to use
excess hydrogen, and that any excess hydrogen offsets the need for
hydrogen production via steam-reforming of natural gas. This choice is based
on the fact that ethanol is relatively easy to transport in trucks, marine
tankers, and tanker rail cars, whereas gaseous products are more
challenging to transport and selecting conversion facilities near markets for
gaseous products such as hydrogen and ethylene is likely to be an optimal
strategy.

Table 2 Cases Selected for Biorefinery Models (Selectivity based on TOS = 180 min)

Case | Corresponding | Catalyst Selectivity (C mol %)
Result 1,3- Ethylene Diethyl Other Products
Butadiene Ether Recycled
and/or
Combusted On-
Site
A Table 1 Entry | 20%Ta205/Si02 N/A 32.8 62.2 3.4
4
B Table 1 Entry | 2%Zn@20%Ta205/Si02 | 50.9 26.9 N/A 22.2
12
C Table S2 Entry | 2%Zn@50%Ta205/Si02 | 44.4 13.1 19.7 22.8
8
D Table 1 Entry | 2%Zn@20%Ta205/Si02 | 60.2 7.2 7.6 25.0
11

Life-Cycle Greenhouse Gas Inventory

To complete the life-cycle GHG modeling for this study, we developed a
variation on the standard hybrid LCA approach, which combines process-
based modeling for key components of the supply chain with input-output
analysis to account for indirect contributors to GHG emissions, documented
in three prior articles.***’ The outputs from the AspenPlus process models
described in the previous section are linked with our hybrid life-cycle
assessment (LCA) model by importing values for specified inlet and outlet
streams (ethanol intake and 1,3-BD output, for example) and assigning those
values to the appropriate parameters in the LCA. A set of simple functions
are used to convert these values into direct inputs and outputs, and
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generate other important parameters such as transportation distances for
biomass, ethanol, and end products. The mass and energy balances for the
baseline fossil-based routes are derived from literature (sources listed in
Table S4).

The key difference in our approach for the input-output section of the model
is that, rather than relying on the sector-oriented Economic Input-Output
Life-Cycle Assessment (EIO-LCA) model, our model uses a specialized
produced and service-oriented direct requirements matrix based on physical
units (typically mass or energy, depending on the product). The matrix
includes all products and services expected to contribute appreciably to life-
cycle GHG emissions, further detailed in the Supporting Information. The
impact vector, which consists of direct GHG emissions (in CO2.) per physical
unit output for each product or service, is multiplied by the result to yield the
full life-cycle emissions. The equation used to calculate life-cycle emissions is
shown in Equation 1. There are, of course, many data sources and
methodological choices embedded in the impact vectors and input-output
table. Table S4 provides direct GHG emission factors for every production
process required directly or indirectly in the bio-based and conventional
production routes, allocation methods utilized to calculate these factors
(where applicable), other key assumptions used in the analysis, and specific
data sources.

Equation 1: Input-Output LCA Model Structure

b:Rp(I_Ap)_l Yp

Where b=/ total life-cycle GHG emissions, /=¢ identity matrix, A,=¢ input-
output matrix in physical units, y,=¢ final demand vector in physical units,
and R,=¢ diagonalized GHG impact vector based on physical units

Results and Discussion
Variations in Product Distributions

A mechanistic understanding of various elementary steps on the catalytic
surface allowed us to control the product distribution. For example, we tuned
the Zn and Ta content of the catalysts in order to selectively target products
of interest (Figure 1 and Table S2). We found that increasing Zn content from
0.4 to 4 wt% led to an increase in ethanol conversion and butadiene
selectivity while decreasing the selectivity to ethylene and diethyl ether
(Figure 1 left side, Table S2, Entries 1-4). This suggests that Zn introduces
redox and basic site and/or blocks some of the acid sites on Ta,0s/SiO,,
which are known to catalyze dehydration chemistry. Interestingly, increasing
Zn content to 8% reduced butadiene selectivity significantly, giving instead
oligomers and reduced products, such as butanol. This is in agreement with
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studies by Kyriienko3? and Cavani’> and we hypothesize that drastic
reduction of acid sites can impact the dehydration of crotyl alcohol to 1,3-BD.
At the same time, Zn may also increase hydrogenation activity causing
conversion of crotonaldehyde and crotyl alcohol to butyraldehyde and
butanol (Table S2, Entry 5). The increased hydrogenation-dehydrogenation
catalysis by Zn could also be responsible for improved selectivity for aldol
condensations to longer oligomers. Consistent with this interpretation, we
found that increasing the Ta,Os content of the catalyst from 5% to 20%
Ta.0s, increased the butadiene selectivity (Figure 1 right side, Table S2,
Entries 6-8). Increasing Ta;0s to 50 wt% created more acidic sites which led
to more ethylene and diethyl ether (Table S2, Entry 8). This mechanism
guided the development of catalysts, allowing us to tune the relative
proportion of Ta and Zn to obtain the desired product composition.

Product Distribution Variation with Zn Amount (%) Product Distribution Variation with Ta Amount (%)
100 100
7.6 3.9 538 76 7.6
18. : :
80 233 9 72 9.3 - 80 7.2 ek
a8 18.4 16.9 - 18.4 13.1
60 T 205 60 a 2
35.1 : 17.4
40 i 40
60.2 60.7 60.2
20 503 20 436 444
28.9 4 28.9
0 0
0.4 1 2 4 8 5 10 20 50
butadiene macetaldehyde methylene mdiethyl ether butadiene macetaldehyde methylene mdiethyl ether

Figure 1: Ratio of Selected Products by Catalyst Composition (see Sl for Detailed Products
Distribution)

In addition to the dopant concentrations, the partial pressure and
temperature also have a strong effect on the product distribution (Table S3).
We found that increasing the ethanol partial pressure increased ethanol
conversion and favored selectivity towards ethylene and DEE at the expense
of butadiene (Table S3, Entries 1-3). Increased ethanol partial pressure may
promote bimolecular dehydration, leading to improved selectivity towards
DEE.

A probe into temperature effects showed that while acetaldehyde was the
major product at temperatures below 573 K (Table S3, Entry 5), at higher
temperatures, ethylene and butadiene production were favored (Table S3,
Entries 7-9). Mechanistically, both these reactions involve a unimolecular
dehydration step. This suggests that higher temperatures favor unimolecular
dehydration, consistent with the thermodynamics (Figure S1). Further
temperature increases did not result in increased conversion, but in
increased dehydration of ethanol to ethylene.
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In order to better understand the relative rates of various reactions, a
selectivity/conversion plot is quite useful. Based on , we conclude that the
butadiene is produced as a secondary product from acetaldehyde.
Acetaldehyde selectivity is high initially and drops as butadiene selectivity
increases from zero. Acid chemistry product selectivity does not change
appreciably as a function of conversion. However, the ratio of DEE to
ethylene in the products increases as the pressure of ethanol increases,
reflecting the fact that the formation of DEE requires the presence of two
ethanol molecules, as opposed to ethylene formation “2.
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Figure 2: Effects of Percent Conversion on Selectivity

Developing Biorefinery Configurations

Figure 3 shows the simplified process flow diagrams for each biorefinery
corresponding to the results in Table 2, labeled A, B, C, and D. Separations
processes present the most significant challenges for these configurations,
as the compounds present in the biorefineries form four different azeotropes:
acetaldehyde (76%) and DEE (24%), ethanol (95.5%) and water (4.5%), DEE
(98.7%) and water (1.3%), and butadiene (94.8%) and acetaldehyde (5.2%).
In each case, conversion of ethanol to products occurs in a single reactor and
the remaining processes are devoted to product recovery. Unconverted
ethanol and acetaldehyde are recycled, and water is sent to an offsite
wastewater treatment facility. Ethylene is recovered at or above 99.7%
purity in all cases, butadiene is recovered at purities above 98.2%, and DEE
is recovered at greater than 97.3% purity. Exported hydrogen is greater than
95% pure. In Case B, pressure swing adsorption is required to recover the
hydrogen-rich stream from the primarily hydrogen-ethylene mixture. Small
butane-rich streams are combusted onsite, as is a small ethylene stream
that could not be purified to reach the 99.7% purity threshold. Each model is
based on the best available results demonstrated at lab scale. Increasing the

10



378
379
380
381
382
383
384
385
386

conversion rate in subsequent research will reduce the volume of recycle
streams required, which will reduce the reactor size needed and improve the
likelihood of cost-competitiveness. The process models outlined here account
for the energy impacts of recycle streams (and associated impacts on
separations systems), and if conversion can be improved, this will also
ultimately reduce on-site energy demand.

11
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Figure 3: Simplified Process Flow Diagrams for Cases A-D

The resulting major product yields are shown in Figure 4 per kg of ethanol
input. Case A maximizes mass output and net heating value of products per
unit ethanol input, yielding 0.38 kg ethylene and 0.28 DEE per kg ethanol
(1.1 M) in products per MJ ethanol input HHV). Note that Case A is not net
energy-positive, of course, because of natural gas and electricity inputs
required. Case B yields 0.45 kg 1,3-BD and 0.040 kg ethylene per kg ethanol
(0.79 MJ HHV in products per MJ ethanol input HHV). Case C yields 0.43 kg
1,3-BD, 0.075 kg ethylene, and 0.098 kg DEE per kg ethanol (0.97 M) HHV in
products per MJ ethanol input HHV). Case D yields 0.51 kg 1,3-BD, 0.043 kg
ethylene, and 0.010 kg DEE per kg ethanol (0.91 MJ HHV in products per M|
ethanol input HHV). Hydrogen yields are generally lower: Case A yields
0.00053 kg H: per kg ethanol, Case B yields 0.017 kg H. per kg ethanol, Case
C yields 0.016 kg H, per kg ethanol, and Case D yields the most at 0.019 kg
H. per kg ethanol. These masses are based on stoichiometry, combined with
the downstream separations required to produce a sufficiently pure H;
stream for export.

] . Product

Component

Butadiene

. Ethylene

Diethyl ether

kg Product / kg Ethanol Input

Cases

Figure 4: Breakdown of Products by Mass

Life-Cycle Greenhouse Gas Assessment

Using the calculated energy and material balances for each biorefinery
configuration, product yields, and a set of potential corn grain, cellulosic, and
sugarcane ethanol sources, we conducted a detailed cradle-to-grave life-
cycle GHG assessment for each of the four cases described above. Our
analysis of 1,3-BD and ethylene is based on their most significant
applications: rubber and plastics production, respectively. DEE is modeled
as a potential diesel blendstock. We began our analysis by calculating the
direct carbon flows, from feedstock, to hydrolysate sugars, through ethanaol,
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and finally to end products. The flows of carbon atoms for the conversion of
corn stover-derived ethanol are shown in Figure 5. Our model is based on the
National Renewable Laboratory (NREL) dilute acid corn stover-to-ethanol
biorefinery configuration nth plant performance.**° In Case A, ethylene and
DEE make up the majority of the products, whereas 1,3-BD is the major
product in Cases B, C, and D.

Case A B Case B
Oxidized/waste 1,3-Butadiene
Glucose Glucose
Ethanol
Hydrolysate sugars Hydrolysate sugars
Ethanol Ethylene
Oxidized/waste
Xylose Xylose
Diethyl ether
Arabinose Arabinose Ethylene
Case C : Case D
1,3-Butadiene .
1,3-Butadiene
Glucose Glucose
Ethanol Ethanol
Hydrolysate sugars Hydrolysate sugars
Oxidized/waste
Oxidized/waste
Xylose Xylose
Ethylene
Arabinose Diethyl ether Arabinose Dietﬁgl]}gt?\r:eer

Figure 5: Simplified Carbon Flows from Sugars to Products, Based on Corn Stover as the
Feedstock

Figure 6 shows the life-cycle GHG results for each case, using three different
feedstocks for the production of ethanol: corn grain, sugarcane, and corn
stover. We also modeled the net GHG footprint of fossil-derived products in
the ratios produced by Cases A-D, as a basis for comparison. This allows us
to avoid selecting inherently imperfect allocation methods, which are a topic
of intense debate in the life-cycle assessment community.>°>* Results are
reported on a per-kg basis for the total mix of products. This means results
should not be compared across individual cases on a per-kg basis, but rather
compared in terms of the percent reduction in GHG emissions achieved by
each case relative to the corresponding conventional fossil cases. In the case
of DEE, we used the GHG footprint of diesel fuel production, since we assume
our DEE product would be used as a diesel blendstock. For each of the
conventional products used for comparison (diesel fuel, ethylene, and 1,3-
BD), there are embedded allocation methods used to allocate refinery/facility
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emissions to those individual products. In all cases, energy content-based
allocation was used, and further details are provided in Table S4.

The sensitivity bars shown in Figure 6 represent the impacts of variations in
the transportation distances for shipping U.S.-produced ethanol between
biorefineries and final conversion facilities (low: 197 km, average: 1586 km,
high: 1696) and the offset credits assigned for electricity exports from
cellulosic ethanol facilities (low: 100% renewables, average: TRE NERC
region mix, high: SPP NERC region mix). The transportation distances for
ethanol were calculated using a geographic information systems (GIS) tool
(QGIS) and rail network data, with the average distance representing the
distance between facilities in lowa and Texas.

In each case, we account for the fraction of carbon atoms sequestered in
landfills or other long-term stable storage (asphalt, for example), and the
fraction combusted or otherwise oxidized. Approximately 44% of 1,3-BD is
ultimately combusted in the U.S., all DEE will be combusted (assuming it is
used as a diesel blendstock), and 7% of ethylene is combusted based on
typical plastic incineration rates in the U.S.>* Our results for the fossil
pathways to non-fuel products are similar to existing studies; for example,
low density polyethylene (LDPE) resin is estimated to have a life-cycle GHG
footprint of 1.9 kg CO2e/kg resin.>>

Com Fossil Com Stover Sugarcane
4- Contributors
1,3-Butadiene Production
[ ] Co-Product Credit
= B Crude Oil
Diesel Fuel

2- -
O B Electricity
(5 % {) {) -C)-U | --- —-- Ethanol Input
— 1 I [ | Ethylene Production
S — ¥ Facility Direct Emissions
- I . T - Tz - H2 from Natural Gas
Natural Gas Upstream
Q 9 ? ? EE B other
B Other Transportation
Petroleum Products

-2- Sequestration Credit
B Truck & Rail Transportation

kg CO2e / kg Product

ABCD ABCD ABCD ABCD
Cases

Figure 6: Life-Cycle Greenhouse Gas Emissions for Each Production Pathway
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Our results indicate that the feedstock used to produce the ethanol input is
an important driver of GHG emissions. Corn stover- and sugarcane-derived
ethanol routes both achieve substantial reductions in emissions relative to
the conventional fossil routes, whereas use of corn grain ethanol results in
either very small reductions or small increases in net emissions if indirect
land use change (iLUC) and any direct land use change emissions (net loss of
soil carbon, for example) are not included (see Figure 7). Sensitivity bars
capture variations in the local electricity mix, distance ethanol is shipped
from the point of origin to the conversion facility, and variations in the
carbon-intensity of ethanol production due to fuel choices at the biorefinery
and feedstock cultivation/harvesting practices. Numeric versions of the
average case results are presented in Table S5.

Table 3 shows the reductions in GHG emissions relative to the conventional
fossil route for the combinations of each Case and ethanol feedstock, in
terms of percentage reduction, total reduction per kg of product mix, and
reductions per kg of ethanol input. Only Case A (which produces mostly
ethylene) results in an appreciable GHG reduction of 40% if corn grain
ethanol is used. Biorefineries using corn stover or sugarcane-derived
ethanol, achieve dramatic GHG emissions reductions, reaching as high as
150%. Cases B and D, using sugarcane-derived ethanol, achieve the largest
relative reductions in emissions (approximately 150%). This is because the
footprint of those conventional fossil routes are lower, and these numbers
serve as the denominator in the fractional GHG reduction. Cases A and C
achieve 120-130% reductions if corn stover or sugarcane ethanol are used.
Regardless of ethanol source, Case A achieves the greatest absolute
reduction in emissions per kg of product mix or kg of ethanol input relative to
the fossil route because the conventional fossil route is most carbon-
intensive (and the mass product yield per kg of ethanol is also highest in
Case A, as shown in Figure 4).

Table 3: Greenhouse Gas Emissions Reductions by Case and Ethanol Feedstock

Total reduction Total reduction (kg

Feedstoc Net kg CO2e/ Percent reduction (kg CO2e / kg CO2e / kg ethanol
k Case kg product relative to fossil product) input)
Corn A 1.12 40% 0.73 0.49
Stover A -0.42 123% 2.27 1.51
Sugarcan

e A -0.58 131% 2.43 1.61
Fossil A 1.85 N/A N/A N/A
Corn B 1.68 -39% -0.47 -0.23
Stover B -0.39 132% 1.60 0.79
Sugarcan

e B -0.60 149% 1.81 0.90
Fossil B 1.21 N/A N/A N/A
Corn C 1.36 15% 0.24 0.15
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Stover C -0.34 122% 1.95 0.96
Sugarcan

e C -0.52 132% 2.12 1.05
Fossil C 1.60 N/A N/A N/A
Corn D 1.37 -8% -0.11 -0.06
Stover D -0.44 135% 1.71 0.96
Sugarcan

e D -0.63 150% 1.89 1.07
Fossil D 1.27 N/A N/A N/A

Discussion

Production of bio-based chemicals is considered a vital part of any strategy
for reducing crude oil consumption, and the products explored here have the
potential to penetrate particularly high-volume markets ' We have
presented a set of strategies for producing varying combinations of platform
chemicals for rubber (1,3-BD) and plastic (ethylene) production, as well as a
diesel fuel replacement (DEE). Starting from bio-ethanol we were able to
produce 1,3-butadiene in selectivity up to 60% in one-step reaction. The key
to success was the introduction of ZnO as redox site on the Ta;0s-Si0,. By
doing so, ethanol could be dehydrogenated in-situ to produce acetaldehyde
which is a crucial intermediate for this transformation. In addition, our
catalysts also showed long-term stability, with TOS > 120 h reported. By
varying the catalyst components, we were able to tune the acidity and
basicity of the catalysts, which allowed us to selectively produce different
product distributions. This flexibility can be valuable in unstable market
conditions, if facilities can be quickly transitioned to using a different catalyst
to maximize the highest-value outputs. That said, downstream separations
will pose a challenge, and this may limit the degree to which facilities can
vary their product mix without significant, expensive retrofits. Future work
will be focused on finely tuning and optimizing the catalyst components to
improve the conversion of ethanol and selectivity to targeted products and
reduce the required reactor sizes. Additional future work is needed to better
understand the degree to which product fractions can be varied without
requiring changes in capital equipment, and the potential advantages to
accepting ethanol feed streams with higher water content than what is
required for anhydrous ethanol.

In the simulated scale-up of selected results, our models indicate that the
four case studies explored can achieve dramatic GHG emissions reductions if
sugarcane- or corn stover-derived ethanol is used as a feedstock, reaching
as much as a 150% reduction in GHG-intensity relative to the conventional
fossil pathways (meaning there is net sequestration of biogenic carbon
compared to net emissions in the fossil case). In the case of corn grain
ethanol, the GHG-intensity is similar to that of the fossil pathways for most
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cases, but a 40% emission reduction can be achieved in Case A (which
produces primarily ethylene and DEE). If the sole goal is to maximize
emissions reductions per kg of ethanol diverted from other markets, Case A
is the clear choice. It is likely, however, that Case A is not the most
economically favorable route and further analysis should comprehensively
compare costs with market prices. Our results highlight the value of
combining empirical studies with chemical process modeling and life-cycle
assessment. By simulating operations at commercial scale, we are able to
identify differences in biorefinery energy needs, potential co-products that
must be exported (e.g. hydrogen), and to gauge the relative benefits of
different product mixes from a practical and environmental standpoint.
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Tuning the catalyst and reaction conditions changes the flow of carbon from
the feedstock to the suite of fuel and chemical products.
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